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Fifty Years of Progress in Drug Metabolism

and Toxicology: What Do We Still Need

to Know About Cytochrome P450 Enzymes?

F. Peter Guengerich

Abstract The 50 years following the discovery of the cytochrome P450 system

have been years of remarkable progress in the basic science and in its application to

important problems, particularly in medicine. This chapter reviews what has been

done, at both basic and applied levels. My own views on the still unresolved basic

issues are presented, along with some thoughts about opportunities for future

development in practical applications.
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2.1 Introduction

I wish to begin this chapter with two personal notes, in celebrating the 50th

anniversary of the first real report of cytochrome P450 (P450). One is a round of

thanks to and acknowledgment of Professor Tsuneo Omura, who co-authored the

original paper in The Journal of Biological Chemistry (Omura and Sato 1962)

50 years ago as a graduate student with his mentor Professor Ryo Sato. He is

still a brilliant but humble man who follows the field and attends the meetings.

The other note is that I entered the P450 field as a postdoctoral fellow with
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Professor Minor J. Coon in 1973, four decades ago at the time I finished this article.

I had no idea that I would continue to work on this same enzyme system for 40 years.

I work on other enzyme and nucleic acid systems too, but there have just been too

many interesting things to do with P450 and I do not think I can ever stop.

The field of P450 research began, in part, with individuals who were interested in

a liver protein with unusual spectral properties (Garfinkel 1958; Klingenberg 1958;

Omura and Sato 1962, 1964a, b). However, what has driven research in the P450

field has been its relevance to a number of areas. Reactions that we now know are

catalyzed by P450s were already described in chemical carcinogenesis (Mueller

and Miller 1948, 1953), drug metabolism (Gillette et al. 1957), and steroid metab-

olism (Ryan 1958) when the pigment with the unusual spectrum was identified. Key

studies along the way were the carbon monoxide inhibition studies establishing the

newly found P450 as the terminal oxidase in microsomal electron transport

(Estabrook et al. 1963), several lines of investigation suggesting the existence of

multiple P450s (Alvares et al. 1967; Hildebrandt et al. 1968; Sladek and Mannering

1969), and the separation and reconstitution of the components of the microsomal

P450 system (Lu and Coon 1968) (see also the chapter by Professor Tsuneo Omura

in this monograph). Another notable contribution was the work of Professor Irwin

Gunsalus and his associates (Katagiri et al. 1968) with the bacterial model P450cam
(CYP101A1), which provided interesting biophysical insights into the structures

(Poulos et al. 1985) and catalytic mechanisms (Tyson et al. 1972) for both bacterial

and mammalian P450s (Mueller et al. 1995; McLean et al. 2005).

The field of P450 research is still fueled by its relevance in the fields of metab-

olism in chemical carcinogenesis, drug metabolism, and endocrinology. However,

there are also many practical applications in medicine (Nebert and Russell 2002),

nutrition (Plum and DeLuca 2010), agriculture (Mizutani and Sato 2011), and

biotechnology, including the use of P450s as designed catalysts (Guengerich 2002;

Coelho et al. 2013). The number of academic research papers on P450 continue to

increase each year, and more than 33,000 papers related to P450 research have been

published (http://webtools.mf.uni-lj.si/public/medsum.html) with about 2,000 per

year still being added.

2.2 What We Know About P450

The following list is not intended to be comprehensive but is a summary of what I

consider the most important. Even with these there are some missing pieces of

information.

First of all, the number of P450 genes is now known in many organisms,

including humans (57) (Table 2.1), Defining these numbers was not trivial, and

the final answers really came with the completion of genomic sequences. It is of

note that some microorganisms have a fairly high number of P450s (e.g., 32 in

Streptomyces avermitelus) and plants have hundreds.
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Another success, which may not be appreciated today, is definition of the

number of different proteins involved in P450 function. Bacteria have a myriad

of different redox systems (Guengerich and Munro 2013). Mammalian microsomal

P450s all accept electrons from NADPH-P450 reductase (POR), with cytochrome

b5 being involved in some but not all P450 reactions. Mammalian mitochondrial

P450s use an electron-transfer system related to some bacteria, involving the iron–

sulfur protein adrenodoxin and the flavoprotein NADPH-adrenodoxin reductase.

Although the literature contains early (Nelson et al. 1973) and more recent (Hughes

et al. 2007) reports of other proteins being involved, the current literature has not

confirmed the roles of any of these.

2.2.1 Electron Transfer

The source of reducing equivalent for P450s, with only a few exceptions (Guengerich

and Munro 2013), is NAD(P)H. Pyridine nucleotides are two-electron donors and,

with one exception (Shiro et al. 1995), do not reduce P450, a one-electron acceptor.

Flavoproteins are biological transformers and can be involved in both one- and

two-electron transfers. With microsomal P450s, electrons come from POR, a

two-flavin protein, in a system where electrons flow from NADPH to FAD to FMN

then to P450s. In some cases cytochrome b5 donates the “second” electron (to the

FeO2
2+ complex). For the seven mitochondrial P450s [11A1, 11B1, 11B2, 24A1,

27A1, 27B1, 27C1 (note: 27C1 is tentative)], electrons flow from NADPH to the

flavoprotein NADPH-adrenodoxin reductase to adrenodoxin to the P450.

Table 2.1 Classification of human P450s based on major substrate class

Sterols Xenobiotics Fatty acids Eicosanoids Vitamins Unknown

1B1a 1A1a 2J2 4F2 2R1a 2A7

7A1a 1A2a 4A11 4F3 24A1a 2S1

7B1 2A6a 4B1 4F8 26A1 2U1

8B1 2A13a 4F12 5A1 26B1 2W1

11A1a 2B6a 8A1a 26C1 3A43

11B1 2C8a 27B1 4A22

11B2 2C9a 4F11

17A1a 2C18 4F22

19A1a 2C19a 4V2

21A2b 2D6a 4X1

27A1 2E1a 4Z1

39A1 2F1 20A1

46A1a 3A4a 27C1

51A1a 3A5

3A7
aX-ray crystal structure(s) reported (for human enzymes)
bBovine X-ray crystal structure reported (Zhao et al. 2012)

Source: Guengerich (2005)
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Rates of electron transfer to many of the human P450s have been measured

(Guengerich and Johnson 1997). Some are dependent upon the binding of a

substrate to the P450, but this is not always the case (Guengerich and Johnson

1997). However, the concentration of total P450 is about 20 fold higher than POR in

the liver (Estabrook et al. 1971). Reduction rates are usually biphasic in micro-

somes, with the P450 in closest proximity being reduced first (Peterson et al. 1976).

Cytochrome b5 can provide the “first” electron (to ferric P450), but the rate is

slow, probably because of the unfavorable redox potential (West et al. 1974;

Yamazaki et al. 1996). Such a functional system can apparently occur in vivo as

well (Henderson et al. 2013). Measurement of the rate of cytochrome b5 electron
transfer to the P450 FeO2

2+ complex is technically difficult and has only been done

in a few settings (Yun et al. 2005; Zhang et al. 2007).

2.2.2 Basic Catalytic Mechanism

The activation of oxygen to a reactive form is complex and involves unstable high-

valent iron intermediates that have been difficult to study (Fig. 2.1). The subject has

been discussed at length elsewhere (Ortiz de Montellano and De Voss 2002; Ortiz

de Montellano and De Voss 2005).

The key species is the perferryl oxygen complex, FeO3+. This complex is formed

in the indicated pathway (Fig. 2.1) and then abstracts a hydrogen atom to leave a

carbon-centered radical. “Rebound” of oxygen from the resulting FeOH3+ species

Fig. 2.1 General catalytic cycle for P450 reactions (Guengerich 2001)
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forms an alcohol (or an equivalent product). One variation on this theme involves

the abstraction of a non-bonded electron from a low redox potential substrate (e.g.,

nitrogen), followed by possible rearrangements and then an oxygen rebound

(Guengerich 2001; Ortiz de Montellano and De Voss 2005).

The only other viable oxidant at present is the FeO2
� species, a precursor of FeO3+.

This nucleophilic species can explain some P450 reactions with aldehydes (Akhtar

et al. 1982). The possibility exists that even some of those reactions might also have at

least a partial contribution from a FeO3+-based mechanism (Hackett et al. 2005).

Using these basic mechanisms, it has been possible to rationalize almost all the

reported P450 reactions, with the inclusion of rearrangements of enzyme intermedi-

ates or reaction products (Guengerich 2001; Ortiz de Montellano and De Voss 2005;

Isin and Guengerich 2007; Guengerich and Munro 2013; Guengerich and Isin 2014).

2.2.3 Multiple Rate-Limiting Steps

In early P450 research, there was a quest to find the “rate-limiting step” in the P450

reaction cycle (Diehl et al. 1970; Gigon et al. 1969). The subject has been addressed

many times, utilizing pre-steady-state kinetics and kinetic isotope effect studies.

There is evidence that steps 2, 4, 7, and 9 in Fig. 2.1 can all contribute to rate

determination (Guengerich 2013).

Of course, some of the reactions in Fig. 2.1 are difficult to measure (e.g., 3, 5, 6, 8),

and rates are not known but are assumed to be fast. Two other points can be made. One

is that the overall rate of a P450 reaction can be a function of the frequency of

uncoupling (i.e., diversion of intermediate species to reduction of O2 to O2
�, H2O2,

and H2O) (Gorsky et al. 1984). The other point is that even substrate binding (step 1 in

Fig. 2.1) can be a complex, multi-step pathway moving the substrate from the periphery

of the P450 to the active site (Isin and Guengerich 2006; Sevrioukova and Poulos 2012).

2.2.4 Regulation of Expression

In retrospect, early work in this area was extremely difficult because of the lack of

appropriate technology and reagents. Today we recognize that most of the regulation

of the P450 genes is at the transcriptional level. The general model follows that

developed for steroid nuclear receptors: a cytosolic receptor binds a ligand,

heterodimerizes with a partner protein, and moves to the nucleus. The loaded

heterodimer binds to a specific (“consensus”) site in the 50-regulatory sequence

(“enhancer”) and alters the gene/chromatic structure to open the promoter region for

RNA polymerase to copy the P450 gene faster. Indeed, several of the major receptors

involved in P450 gene regulation were in the steroid nuclear receptor “orphan” group

(e.g., PXR, CAR, PPARα). The well-known AhR/ARNT pathway for induction by

polycyclic aromatic hydrocarbons, etc. follows a similar model (with unrelated pro-

teins) (Williams et al. 2005).
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Some regulation is more complex. The CAR pathway involves kinases and

intersects with the epidermal growth factor receptor-signaling pathway (Mutoh

et al. 2013). There are elements of posttranscriptional regulation in some systems,

and microRNA regulation has been implicated in the regulation of P450s (Gomez

and Ingleman-Sundberg 2009). Rodents show considerable gender-linked P450

regulation, which is the result of steroid, growth hormone, and STAT pathway

regulation (Waxman and Holloway 2009) (this is not seen, at least at this level, in

humans; Yang et al. 2010).

2.2.5 Polymorphisms

P450 differences among individuals have been suspected since early discoveries of

individuals with inherited errors of metabolism in endocrine issues. These differ-

ences began to be characterized with the availability of recombinant DNA technol-

ogy (White et al. 1984). The incidence of these variations is relatively low.

Polymorphisms are generally defined as variations in the population at a level

greater than 1 % (Kalow 1962). One impetus for work in this area was the

stratification of smokers into three groups based on the inducibility of aryl hydro-

carbon hydroxylase (now associated with P450s 1A1 and 1B1) (Kellerman

et al. 1973a, b). This area was driven by work by Professor Robert Smith and

others, who found people (including Professor Smith himself) who could not

effectively oxidize certain drugs (i.e., debrisoquine, sparteine, metoprolol)

(Mahgoub et al. 1977). This “poor metabolizer” phenotype was consistent within

individuals and showed Mendelian inheritance. Ultimately this phenomenon was

understood in the context of P450 2D6 (Distlerath et al. 1985; Gut et al. 1986;

Gonzalez et al. 1988). Today we know that there are not only two genotypes of

P450 2D6 but more than 100. This situation is not atypical for the P450s, and today

the collected genotypes are collected and available online (www.cypalleles.ke.se).

Today this variability of P450s and its effects on drug metabolism are a major

component of “personalized medicine” (Evans and McLeod 2003).

2.2.6 Cellular Localization

Classically, mammalian P450s have been considered to be either microsomal (i.e., in

the endoplasmic reticulum) or mitochondrial. Human P450s 11A1, 11B1, 11B2, 24A1,

27A1, 27B1, and (probably) 27C1 are considered to be mitochondrial. However, work

by Prof. Narayan Avadhani has shown that fractions of some of the microsomal P450s

can be localized in the mitochondria (Niranjan and Avadhani 1980). In at least some

cases this localization is the result of cryptic import signals, which can bemanifested by

proteolytic cleavage (Addya et al. 1997). Some are sensitive to phosphorylation (e.g.,

P450 2E1) (Bansal et al. 2010), and polymorphisms in human P450s can determine the
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partitioning between the endoplasmic reticulum and mitochondria, for example, P450

2D6 (Bajpai et al. 2013). Interestingly, the P450s that locate in the mitochondria can

efficiently utilize the adrenodoxin electron-transport pathway in their function.

2.2.7 Roles of P450s in Individual Reactions

Determination of which P450s are involved in reactions is now a relatively

straightforward in vitro process. Selective inhibitors, antibodies, comparisons

with established markers, and purified P450s render the procedures very direct,

given appropriate consideration of levels of expression (Beaune et al. 1986;

Guengerich and Shimada 1991). Accordingly, there is extensive information

about the human P450 regarding drug substrates, inhibitors, and inducers (http://

medicine.iupui.edu/clinpharm/ddis/main-table/) (Fig. 2.2) and also carcinogen sub-

strates (Rendic and Guengerich 2012) (Fig. 2.3).

2.2.8 Importance of P450s in Medical Practice

The significance of P450 research in medicine is considerable, as seen in several areas.

Endocrinology Steroid metabolism is complex, and many inborn errors of metab-

olism can now be explained in terms of deficiencies of individual P450s or

NADPH-P450 reductase (Miller and Auchus 2011). Included among these are the

Fig. 2.2 Drug metabolism reactions. (a) Contributions of different enzymes. UGT UDG

glucuronosyl transferase, FMO flavin-containing monooxygenase, NAT N-acetyltransferase,
MAO monoamine oxidase. (b) Contributions of individual human P450 enzymes to (P450) drug

metabolism (Williams et al. 2004)
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more than 100 different genotypes associated with P450 21A2 deficiency, including

salt-wasting syndrome (Wedell 2011; Zhao et al. 2012). In addition, deficiencies in

the P450s involved in the metabolism of vitamins A and D are the basis of diseases

(Nebert and Russell 2002).

DrugMetabolism Before understanding of human P450s developed, prediction of

human pharmacokinetic behavior of a drug candidate was very difficult, and human

pharmacokinetic problems were a major reason for failure of drug candidates in

clinical trials (Kola and Landis 2004).

P450s are involved in about 75 % of the enzymatic reactions involved in drug

metabolism (Fig. 2.2) (Wienkers and Heath 2005; Williams et al. 2004), and today

it is possible to determine which P450s are involved in the metabolism of a new

drug candidate using in vitro approaches (Guengerich and Shimada 1991). There

are reasonably good approaches to extrapolating to in vivo situations and predicting

variability in human populations (Ito et al. 1998; Guest et al. 2011). In addition,

both induction and inhibition can be studied in vitro. Other knowledge of the

inducers and inhibitors of individual P450s (Guengerich 2005) enables prediction

of potential drug–drug interactions (Andersson et al. 2005).

Knowledge about individual P450s involved in reactions and genetic polymor-

phisms (vide supra) is also used to guide drug prescriptions and use, and this is a

major element in “personalized medicine.” As an example, the maintenance levels

of the anticoagulant warfarin are related to polymorphism in the CYP2C9 gene

(P450 2C9) (Daly et al. 2002; Garcia and Hylek 2009). Several side effects of drugs

(e.g., debrisoquine, perhexiline) are related to P450 2D6 (Idle et al. 1978; Idle and

Smith 1979; Oates et al. 1981; Shah et al. 1982). Serious adverse reactions of

terfenadine are related to the inhibition of its metabolism by P450 3A4 (and the

resulting increased plasma and tissue levels) (Yun et al. 1993; Thompson and Oster

1996; Guengerich 2013, 2014). Induction of P450 3A4 by rifampicin, barbiturates,

and herbal medicines containing hyperforin increases the metabolism of the oral

Fig. 2.3 Carcinogen activation by human enzymes. (a) Contributions of different (human)

enzyme systems. FMO flavin-containing monooxygenase, NAT N-acetyltransferase, SULT
sulfotransferase, AKR aldo-keto reductase, COX cyclooxygenase/prostaglandin synthase.

(b) Contributions of individual human P450s to the P450 sector of carcinogen activation (Rendic

and Guengerich 2012)
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contraceptive 17α-ethynylestradiol, which can lead to unexpected breakthrough

bleeding and pregnancy (Bolt et al. 1975; Guengerich 1988a).

Knowledge of P450 oxidation of drug candidates, induction, and inhibition is

widely used today in the overall process of drug development (Humphreys 2008).

P450s as Drug Targets Another aspect of P450s in medical practice is their

undesired effects and targeting by drugs. One example is the steroid aromatase,

P450 19A1, which converts androgens to estrogens (Brodie 1985); this is an issue in

estrogen-stimulated tumors. Another target is P450 17A1, which forms androgens

and is a target in prostate cancer (DeVore and Scott 2012). Several fungal condi-

tions are treated with antimycotic inhibitors of fungal and yeast P450 51A1

(Aoyama et al. 1998). In this regard, some P450s of Mycobacterium tuberculosis
have been shown to be required for viability or virulence, and efforts to develop

drugs are in progress (Seward et al. 2006; Johnston et al. 2010).

2.3 What Have We Left to Learn About P450s:

Basic Questions

Another author might provide a different list, but the following is my own opinion.

More practical questions about P450s follow later. This selection is biased in part

on my own research interests, although we are not working on all aspects.

2.3.1 What Are the Functions of the Orphan P450s?

P450s can be classified on the basis of their substrates (Table 2.1). Almost one-fourth

of the human P450s are grouped as “orphans” (Guengerich 2005), a term adopted

from the orphan steroid nuclear receptor family (Mangelsdorf and Evans 1995).

Our laboratory has been involved in systematic searches for functions of these,

and some of the progress has been reviewed (Guengerich and Cheng 2011). Recent

(and unexpected) results include the oxidations of lysphophospholipids by P450

2W1 (Xiao and Guengerich 2012) and of N-arachidonoylserotonin by P450

2U1 (Siller et al. 2014). Some drug substrates have been identified for several of

the orphans (Nishida et al. 2010; Xiao et al. 2011;Wang and Guengerich 2012; Edson

et al. 2013), but there is little current information about the overall contribution of

these. Only one of the orphans (2W1; Table 2.1) has been found to activate carcin-

ogens (Wu et al. 2006).

At the present time only speculation is possible as to whether any of these orphan

P450s will be shown to have important physiological roles. P450 4F11 hydroxylates

vitamin K (Edson et al. 2013). Cyp2s1(�/�) mice are phenotypically normal

(X. Ding, personal communication).
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When can a P450 be considered to be “deorphanized?” P450 2R1 was, when an

important role in vitamin A metabolism was defined (Cheng et al. 2003). However,

in another sense, all the P450s under the “Xenobiotics” heading in Table 2.1 can be

considered orphans in the sense that no critical physiological reactions have been

identified. Elimination of the apparent orthologues in mice has, in most cases, no

major observable phenotype in mice, and humans missing some of these are known

but are normal unless exposed to certain drugs.

The deorphanization of the myriad of bacterial, insect, and plant P450s is

difficult but has important implications in agriculture, pest control, and other

practical issues. In many cases there are advantages (compared to mammals and

humans) in that gene knockouts can be done and phenotypes can be observed; for

example, two P450 genes in Streptomyces coelicolor are functional in sporulation

(Cheng et al. 2010; Tian et al. 2013), although the reactions underlying these

phenomena have not been defined. Exactly how defects in sterol metabolism relate

to M. tuberculosis is not yet clear (Seward et al. 2006; Johnston et al. 2010).

Elucidation of the functions of the function of P450 genes in crop plants, weeds,

insects, and fungi has great potential in agriculture (Kinney 2006).

2.3.2 Is There More to Learn About the Nature of Oxidizing
Species of P450s?

As mentioned earlier, all the early proposals about the nature of oxidizing species

have now largely culminated with two entities, FeO3+ (“Compound I”) and FeO2
�,

its precursor (Ortiz de Montellano and De Voss 2005). The latter has been used to

rationalize some unusual reactions, mainly those with aldehyde substrates (Akhtar

et al. 1982). Strong evidence for the role of FeO3+ has come from the detailed

characterization of this entity by Prof. Michael Green and his associates (Rittle and

Green 2010). The major evidence for the FeO2
� mechanism comes from (1) site-

directed mutagenesis work, mainly with active site Thr mutants (Vaz et al. 1996),

and (2) 18O labeling experiments with some steroids (Akhtar et al. 1982, 1994).

With this as a background, what are the remaining issues? One need is the

extension of the studies on the characterized Compound I (FeO3+) to more P450s,

thus testing hypotheses about alternate forms. Further, proposals about the spin-

state duality of FeO3+ have been made by Prof. Sasson Shaik on the basis of

theoretical considerations (Harris et al. 2000; Shaik et al. 2005), but these have

not been experimentally tested. Access to defined Compound I (FeO3+) P450

species should allow these hypotheses to be addressed.

The role of FeO2
� species has been considered, but the duality of alternate

reactions (FeO3+ and FeO2
�) acting together has not. In some cases both mecha-

nisms have been proposed, such as with P450 19A1 (Hackett et al. 2005;

Sen and Hackett 2012). Site-directed mutagenesis approaches cannot be used in a
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quantitative approach, but 18O (and other labeling approaches?) can be. These

experiments are now possible, and our preliminary 18O2 work with P450 19A1

indicates that the FeO3+ species is involved in the third oxygenation step in the

reaction sequence (Yoshimoto and Guengerich, in preparation).

2.3.3 Allosteric Systems and Two Ligands

Nonhyperbolic kinetics (homotropic cooperativity) and direct P450 stimulation

(heterotropic cooperativity) were first reported 20 years ago (Guengerich

et al. 1994; Shou et al. 1994). Since then, these phenomena have been studied

extensively, and several indirect lines of evidence led to the proposal that these

phenomena could be explained by a model with two (or more) ligands (Shou

et al. 1994; Hosea et al. 2000; Davydov et al. 2005; Sligar and Denisov 2007).

For many years, however, there was no direct physical proof of this, such as

isothermal calorimetry. However, a number of X-ray crystal structures of P450s

have now been reported with two ligands in the active site (Zhao et al. 2005, 2012;

Ekroos and Sjögren 2006; Schoch et al. 2008). In no case have two different ligands
both been reported together, and the likelihood of success in such an endeavor is

probably very low.

It should be emphasized that not all reports of homotropic cooperativity are

necessarily valid. The data for low substrate concentrations, which drive Hill

n values, etc., are especially sensitive to substrate depletion in reactions.

Low n values and excessive deconvolution are suspect.

One of the outstanding issues is explanation and prediction of cooperativity.

In particular, cooperativity has not been reported for some of the P450s for

which dual occupancy has been observed (Schoch et al. 2008; Zhao et al. 2012).

This lack leaves several questions: can we invoke multiple occupancy as a basis

for cooperativity if it is not observed? If multiple occupancy is the basis of

cooperativity, should it not be observed when the X-ray structures clearly indicate

multiple occupancy? Can we predict when we should expect cooperativity? Can the

available crystal structures help in this regard?

2.3.4 Do We Really Understand Cytochrome b5 Effects?

What is clear is that cytochrome b5 can stimulate a number of P450 catalytic

activities. Although multiple explanations have been proposed (Schenkman and

Jansson 2003), most of the explanations fit into two hypotheses: (1) providing the

“second” electron (step 4) in the general catalytic cycle (Fig. 2.1) and (2) a general

allosteric effect that promotes catalytic efficiency. Either effect may reduce the

extent of abortive oxygen loss in the cycle. The distinction between the two

proposed mechanisms is usually provided by experiments in which the effects of
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holo-cytochrome b5 and apo-cytochrome b5 (devoid of heme) are compared. Among

the human P450 enzymes that are stimulated by cytochrome b5, P450s 2A6 (Yun

et al. 2005), 2E1, and 4A11 appear to involve electron transfer [i.e., apo-cytochrome

is not effective, but P450s 2B6, 2C8, 2C9, 2C19, 3A4, 3A5, and 17A1 (Auchus

et al. 1998) do not involve electron transport (Yamazaki et al. 2002)]. [The proposal

that the apo-cytochrome b5 results can be explained by heme transfer from P450s

(Guryev et al. 2001) has been dismissed (Yamazaki et al. 2001).]

Biophysical studies with several P450s have provided evidence that the anionic

cytochrome b5 protein is bound to a positively charged region of P450s (Bridges

et al. 1998; Estrada et al. 2013). One issue is that this is the same region of P450s

proposed to bind NADPH-P450 reductase. Thus, the reductase and cytochrome b5
would have to switch positions in each cycle of catalysis (Fig. 2.1). This proposal is

problematic in a P450 such as 17A1, where cytochrome b5 only stimulates the

second (“lyase”) reaction of a two-step sequence, thus influencing the product

distribution (Estrada et al. 2013). Further, the reaction is effectively stimulated by

apo-cytochrome b5, arguing against a requirement for electron transfer (Auchus

et al. 1998). Thus, if cytochrome b5 occupies the same site as NADPH-P450

reductase (Estrada et al. 2013), then the reductase must be attached to P450 17A1

from steps 2–4 of the catalytic cycle (Fig. 2.1) and then be released for cytochrome

b5 to bind in steps 5–8. Given the instability of the FeO2
� species, this scenario does

not seem intuitive but would be consistent with the observation (Estrada

et al. 2013). Further investigation of this phenomenon is still in order, even more

than 40 years since the first reports of the cytochrome b5 effects (Correia and

Mannering 1973; Hildebrandt and Estabrook 1971).

2.3.5 Why Are Some Multi-Step P450 Reactions Processive?

At least five physiological P450 reactions involve multiple steps (Fig. 2.4)

(Guengerich et al. 2011). Moreover, multiple oxidations of drugs are commonly

observed (Ortiz de Montellano and De Voss 2005; Isin and Guengerich 2007).

Although one might view processive reactions (i.e., no equilibration of the

Fig. 2.4 Two multi-step human P450 reactions
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intermediate products with the medium) as being more efficient, such a phenome-

non would make specifically inhibiting one step of a multi-step reaction impossible,

for example, the so-called lyase reaction of P450 17A1 (DeVore and Scott 2012).

Indeed, drugs have been developed to inhibit only this lyase reaction of P450 17A1

(Hara et al. 2013). We have shown the P450 19A1-catalyzed three-step conversion

of the androgen androstenedione to estrone is very distributive (the opposite of

processive), with each of the intermediates being released from the enzyme and

then bound again. Studies on the processivity of the other multi-step P450 steroid

oxidations are in progress.

However, some multi-step P450 reactions are processive, such as oxidations of

nitrosamines to carboxylic acids by P450s 2A6 and 2E1 (Chowdhury et al. 2010,

2012). The P450 2E1 oxidation of ethanol to acetic acid is also processive (Bell-

Parikh and Guengerich 1999), and Prof. Kurt Kunze and his associates have shown

that some amine oxidations are processive (Hanson et al. 2010). These are not

physiological substrates, and the question is why these are processive. Many of

these processive P450 reactions involve carbonyl intermediates, although there

does not appear to be any obvious P450 affinity for them (Guengerich et al. 2011).

More information is needed in this area.

2.4 What HaveWe Left to Learn About the Practical Issues

of P450s?

This list is also not intended to be comprehensive, and it may well be that totally new

fields will develop that utilize P450s. This view results from the ability of P450s to

catalyze oxidation of so many substrates. In a recent conversation I had with Professor

Minor J. Coon, he quipped that if organic chemicals are ever found on another planet,

they will probably be substrates for at least one of the (terrestrial) P450s.

2.4.1 Can We Use our Knowledge of P450 Structures
Productively?

The answer is already “yes,” but the real question is how well we can do this in a

prospective manner. We now have structures of at least 20 different human P450s

(Table 2.1), including all the major “drug-metabolizing” P450s. Most P450s have

shown extensive changes upon binding ligands, and therefore ligand-free P450

crystal structures are limited in their usefulness. The malleability of P450 structures

is a problem in that different ligands can yield different protein structures for a single

P450, for example, P450 3A4 (Ekroos and Sjögren 2006) (rabbit) and P450 2B4

(Shah et al. 2013). Thus, even having a structure of a P450–substrate complex does

not necessarily predict the structure of that P450 with a new substrate or ligand.
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In practice, drug discovery and development operate on what is sometimes

called a “2-week” scale, when new leads need to be reevaluated in a short time.

The time needed to obtain crystals and solve a structure is still longer than

two weeks and therefore not compatible with industry needs. The hope is that as

scientists collect more P450 structures, each P450 will have a finite but limited

number of major conformations and that there can be used practically with new

substrates. Obviously, this is a very important area for practical research. My own

opinion is that actual experiments will still need to be done after virtual screening.

The prediction of rates of oxidation is much more difficult than (qualitative)

prediction of sites of oxidation in a molecule.

2.4.2 Can We Relate P450 Polymorphisms to Chronic
Diseases?

As mentioned earlier, knowledge about human P450s has been very useful in

advancing drug development and even clinical practice. Polymorphisms can have

dramatic influences on drug metabolism. As also pointed out earlier, deficiencies in

the steroid-metabolizing P450s have major consequences.

However, what is not yet very clear is how variations in P450s affect chronic

diseases. There are several issues here. One is cancer. P450s were studied exten-

sively in part because of chemical carcinogenesis (Conney 1982; Guengerich

1988a, b), and two thirds of the bioactivation reactions with carcinogens are

catalyzed by P450s (one half of which are family 1 P450s) (Fig. 2.3) (Rendic and

Guengerich 2012). Changes in P450s in animal models can have dramatic effects

on cancer incidence (Guengerich 1988b; Gonzalez 2004), but to date relationships

in humans have not been so clear. The early relationship of inducibility of aryl

hydrocarbon hydroxylation activation with lung cancer (Kellerman et al. 1973a, b)

is probably best understood in the context of P450 1B1 (Toide et al. 2003), although

this field does not seem to have been addressed again recently. Despite early

excitement (Ayesh et al. 1984), the association of decreased lung cancer with

the P450 2D6 poor metabolizer phenotype could never be validated (Rostami-

Hodjegan et al. 1998). One of the issues in this field is that epidemiology proceeds

in the absence of basic science. There is a weak association of P450 1A2 with colon

cancer, but only if N-acetyltransferase status and consumption of well-done meat

are factored in (Lang et al. 1994). Another possibility is P450 2A6 and tobacco-

related cancer, which is complicated in that individuals with a deficiency may

smoke less because they lack the ability to clear nicotine (Swan et al. 2005).

Other epidemiological association of cancers with P450 polymorphisms have either

been weak or not confirmed in more extensive studies (d’Errico et al. 1996; Tamaki

et al. 2011).

Other efforts have shown weak associations between P450 2D6 status and

Parkinson’s disease (Halling et al. 2008).
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An interesting relationship has been reported for a polymorphism in P450 4A11

(rs1126742) and hypertension (Gainer et al. 2005). The basis is still unclear. P450

4A11 converts arachidonic acid to its 20-hydroxy product (20-HETE), and the

polymorphic variant (coding for a P434S mutation) has been reported to have

60 % of the catalytic efficiency of the wild-type protein (Gainer et al. 2005).

However, Cyp4a10(�/�) mice show hypertension but do not produce 20-HETE

(Nakagawa et al. 2006), and a transgenic mouse that expresses the human

20-hydroxylase, P450 4A11 (Savas et al. 2009), is also hypertensive

(E.F. Johnson, personal communication). In mouse models, deletion of Cyp2c
subfamily genes can also make animals hypersensitive (Sun et al. 2012). Other

work with animals has led to postulates of roles of P450 4F and 2J enzymes in

hypertension and other cardiovascular effects (Deng et al. 2011; Yang et al. 2001).

These examples show the complexity of the association. Clearly, more questions

remain to be addressed.

2.4.3 Application of P450s in Toxicology and Other Assays

Another challenge regarding P450s is their effective application in toxicology. Many

successes have already been realized with transgenic mouse models, for example,

roles of individual P450s in the toxicity of certain chemicals (Lee et al. 1996). These

approaches will continue to develop, particularly as key enzyme and receptor systems

are “humanized,” that is, mouse systems are replaced (in the mice) by the human

counterparts. The success of this approach has already been demonstrated in mice

expressing the human AhR (aryl hydrocarbon receptor) and PPARα (peroxisomal

proliferating activator receptor-α) receptors (Moriguchi et al. 2003; Yang et al. 2008).

Another developing area with transgenic mice may be in response to the need to

characterize “human-specific” metabolites (i.e., those constituting�10 % of metab-

olites not found in animals) for safety testing (Guengerich 2006).

Another important need is in high-throughput toxicology assays. The importance

of metabolic capability is generally appreciated in the pharmaceutical industry, given

the history (Kola and Landis 2004), and the emphasis on adsorption/distribution/

metabolism/excretion work in drug development. However, this is not necessarily the

case with other chemicals. A battery of in vitro toxicity tests is being applied to a very

large number of compounds in the Toxcast testing program supported by several

agencies of the United States government (Sipes et al. 2013), but in the absence of

metabolism systems. Although this approach may yield information about the intrin-

sic toxicities of individual chemicals, the predictive value of the exercise may be

limited, just as was the relationship between mutagens and carcinogens before the

incorporation of liver extracts with the Ames test (Ames et al. 1973). Aflatoxin B1

would not be considered very toxic without bioactivation, and the mutagenicity of

dinitropyrenes would be overestimated. Exactly which systems should be used needs

to be decided for large-scale, low-volume screens. Individual P450 systems are

probably not the most appropriate for broad screening, and a multi-P450 system
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(including P450s known to oxidize most of the known drugs and carcinogens)

(Rendic and Guengerich 2012; Wienkers and Heath 2005; Williams et al. 2004)

should be considered, coexpressed with NADPH-P450 reductase. This is one possi-

bility, and others might be better, but this topic deserves attention.

2.4.4 Applications with Plants and Agriculture

The final area for consideration is agriculture. As mentioned earlier, plant genomes

contain hundreds of P450s. We know little about which of these might be signif-

icant in the production of important crops, such as rice, corn (maize), and soybeans.

State-of-the-art genomic approaches can now be applied, such as genome-wide

association studies (GWAS) for traits and analysis of phenotypic function with gene

knockout technology. Using such approaches, we may well find that certain P450s

are beneficial (and can be overexpressed) and that others are detrimental to desired

properties (and could be targets for development of inhibitory chemicals).

The approaches are designed to increase crop production. Another important

aspect is control of pests, including weeds, insects, and fungi. These genomes are

being developed rapidly, as are similar approaches (GWAS, knockouts) to find

targets for inhibition of function. As an example, one could develop a herbicide

from an inhibitor of a key P450 in a weed. Another approach is to overexpress a

herbicide-metabolizing P450 gene into a cereal crop (e.g., rice or corn). These

approaches are very feasible and can be used without the ethical issues inherent in

human medicine. I realize that there is political resistance to biotechnology in

Europe, but the need to feed the 7 billion people in the world should trump such

concerns, given the very safe record of genomic agriculture today.

The last point under agricultural application of P450s involves animals and

veterinary issues. P450 applications in human medicine have developed rapidly,

but the same concerns about drug–drug interactions, polymorphisms, etc. certainly

apply in veterinary pharmacology. I recently reviewed a grant application (from

another country) and learned that the P450 repertoire in horses is largely unknown,

beyond the genomic level, and the prescription of drugs cannot be guided by such

information. I am sure that we also need to know more about P450s in important

domestic animals such as cattle, swine, and sheep (as well as sport and companion

animals, e.g., horses, dogs, cats) to treat them more effectively.

2.5 Epilogue

The P450 world has been exciting for many of us. We have already seen tremen-

dous advancement at the basic level, and experiments we could only dream of

40 years ago are routine today. The number of papers published on P450s continues

to grow (http://webtools.mf.uni-lj.si/public/medsum.html). As the field has
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matured, the bar for publishing P450 papers continues to be set higher. The success

of P450 research in medicine has been remarkable, more than first imagined.

The application of P450 research continues to grow in many fields, and we will

undoubtedly see more of this progress.

Finally, it remains for me to thank two of our senior members of the P450 field,

Professors Tsuneo Omura and Minor J. Coon, for their discoveries and contribu-

tions to the field, which are very much appreciated.
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Jerina, established the bay-region diol epoxide pathway for activation of polycyclic aromatic

hydrocarbons and its significance in chemical carcinogenesis.
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